Abstract: Oats as a source of antioxidants and complex polysaccharides are currently an important component in human nutrition. Producing healthy, safe and high-quality grain for this purpose depends upon growing oat cultivars with improved resistance to diseases caused by Fusarium spp. producing mycotoxins. Thirteen cultivars of naked (Ábel, Detvan, Izák and Avenuda) and covered (Zvolen, Auron, Atego, Flämingsstern, Kanton, Viktor, Zlaťák, Euro and Ardo) oats were inoculated with conidial suspensions of F. culmorum isolate in the field at flowering in 2006 and 2007. After harvest, reduction in thousand-kernel weight (R-TKW), reduction in panicle-kernel weight (R-PKW), and deoxynivalenol (DON) content in grain and hulls were determined. The ELISA immunochemical method was employed for the quantitative analyses of DON. Values of yield components (R-TKW; R-PKW) were 35.4% and 31.1% lower in dehulled covered oats than in naked oat cultivars. The DON accumulation was highest in hulls as compared with DON content in kernels of naked and covered oat cultivars. Accumulation of DON in dehulled covered cultivars was 34.4% lower than the average contamination in naked cultivars. When the cultivars were compared, there were positive correlations between R-TKW and R-PKW and also between DON content and R-PKW. With a view to growing oat cultivars for production of cereal foods, it was shown that dehulling of covered oat grain resulted in substantially reduced DON content.
Introduction
Several Fusarium species are widespread pathogens (on wheat, barley, oats, rye and triticale) around the world, including in all European cereal-growing areas. These can cause root and stem rot as well as Fusarium head blight (FHB), resulting in severely reduced crop yield. Oats are infected by a complex of Fusarium species, the composition and proportions of which vary considerably among years and regions. As reported by Tekauz et al. (2008) , in Canada the disease has been associated primarily with F. avenaceum, F. graminearum and F. poae, and, to a lesser extent, with F. sporotrichioides. Mielniczuk (2004) stated that in Poland significant incidence of FHB was frequently observed in oats. F. avenaceum, F. culmorum, F. poae, F. sporotrichioides and F. crookwellense were reported as the most common pathogens of this crop. Data are not available for occurrence of the genus Fusarium on oats in the Slovak Republic, but most of the mentioned species, such as F. culmorum, F. graminearum, or F. cerealis (F. crookwellense) and F. sambucinum in diseased wheat caryopsis, are seed-borne pathogens (Šrobárová & Pavlová 2002) . Others, such as F. oxysporum Schlechtend, F. avenaceum Fr. Sacc., F. moniliforme Sheldon and F. nivale (Fr.) Ces., are present in soil and heads of diseased plants (Šrobárová et al. 2008 ) and may be transmitted through the air or plants.
The present use of oats in making products for human nutrition places importance especially on the nutritionally valuable components of the oat kernel. Oat bran and flour are added to wheat bread and various bakery products. Rising interest in oats use in human nutrition is also documented by reports addressing new oat applications in human nutrition, e.g. the development of corn bran/oat flour as a novel source of an antioxidant and complex polysaccharides (Holguin-Acuna et al. 2008) . Consumers and the processing industry are increasingly demanding healthy and safe grain that is free of contaminants. In Norway, Langseth & Rundberget (1999) detected more toxins in oats for human consumption than in oats for animal feeding. According to the researchers, this may be due to higher inputs into grain production for human consumption, such as the use of more fertilizers and growth regulators (factors which are known to favour contamination with Fusarium toxins). In Germany, a study on the occurrence of mycotoxins in cereals indicated that 71% of oats samples were contaminated with DON toxin (Schollenberger et al. 2006) . Based on several experiments, it is now generally acknowledged that DON accumulation tends to be lower in oat kernels as compared to wheat and barley after artificial infection with F. culmorum (Liu et al. 1997) . Elen (2003) observed that DON content in oat kernels from naturally infected plants in field trials in Norway was lower than in spring wheat and barley but higher than in winter wheat. In trials with plants inoculated with F. culmorum, meanwhile, DON content was similar to that in winter wheat. Analyses of kernel samples of oats grown under natural conditions at different locations showed that naked oat cultivars were contaminated with trichothecenes at a significantly lower percentage in comparison to covered cultivars (Perkowski & Basiński 2008) . Grain infected by Fusarium is unacceptable for human consumption because of adverse health effects from fusariotoxins. There are limits as to the amount of Fusarium mycotoxins acceptable in unprocessed grain for food and feed production in the EU (European Commission 2006a , 2006b ).
Both economically and ecologically, the best way to control FHB as part of an integrated approach to protecting oats is to grow cultivars that are resistant to this disease. Control of FHB can be achieved by exploiting host plant resistance. The importance of wheat cultivars that are resistant to FHB has been recognized since the early part of the 20th century. As a result, screening for resistance to FHB is conducted in most major wheat-growing countries, including the Slovak Republic (Mesterházy et al. 1995; Miedaner et al. 2001 , Vančo et al. 2007 . As compared with other grain crops, there is little information about FHB resistance in oats and the accumulation of Fusarium toxins in oat kernels (Tekauz et al. 2008; Bjørnstad & Skinnes 2008; Perkowski & Basiński 2008) .
The aim of this work was to determine and compare reactions of naked and covered oat cultivars to artificial infection with the fungus F. culmorum with a view to growing suitable cultivars of this crop as a raw material for human food production.
Material and methods

Experimental design
In the spring of 2006 and 2007, plot experiments involving two blocks and registered cultivars of naked (Ábel, Detvan, Izák and Avenuda) and covered (Zvolen, Auron, Atego, Flämingsstern, Kanton, Viktor, Zlaťák, Euro and Ardo) oats were established in Piešťany, Slovak Republic. The location is 160 m above sea level and it is in a corn-wheat production region. Weather conditions are shown in Table 1 . The field experiments had five rows per plot, with 1 m row length and 150 mm row spacing. At anthesis in 2006 and 2007, 20 panicles from each cultivar were sprayed (block 1) with F. culmorum. After inoculation, the panicles were covered with polyethylene yellow bags that were removed after 24 h.
After ripening, 20 panicles were harvested by hand from each plot of the blocks (block 1 -inoculated, block 2 -non-inoculated). The threshed kernels were then cleaned manually and those of covered oats were dehulled. Reduction in thousand-kernel weight (R-TKW) (in percentage) and reduction in panicle-kernel weight (R-PKW) (in percentage) were calculated against the non-inoculated oats.
Inoculum preparation
For multiplication of F. culmorum, a single-spore isolate of an aggressive strain was cultivated on potato dextrose broth from Sigma (St. Louis, USA), 20 g/L, at 25
• C for 21 days and with a photoperiod of 12 hours of daylight. The isolate RA/02 comes from the location of Radošina, Slovak Republic. Conidia and the aerial mycelium were scraped with a razor blade from 50 Petri dishes (100 mm in diameter), then homogenized with 2.5 L of distilled water. The average number of conidia counted in a Burker chamber was 10 8 per mL. Deoxynivalenol (DON) content A commercial ELISA kit for the quantitative analysis of DON in cereals was used to determine the DON concentration in oat samples (Ridascreen Fast DON, R-Biopharm AG, Darmstadt, Germany). The kernels and hulls obtained from inoculated panicles were ground, 20 mL distilled water was added to 1 g of each sample, and the mixture was subsequently filtered. The dilution factor of 10 was used because the DON concentration in oats was often higher than the highest level of detection possible for the kit that was used. Absorbance in each well was determined photometrically at 450 nm (MRX II, DYNEX Technologies, USA). The values calculated for DON concentration were determined in mg/kg using Revelation software, version 4.25.
Statistical analysis R-TKW and R-PKW (in arcsine) were evaluated by analysis of variance (ANOVA). Pearson's correlation analysis was used to assess the relationship between the traits.
Results
ANOVA of R-TKW confirmed statistically significant differences between years and also between cultivars ( Table 2 ). The total average R-TKW in oat cultivars was 32% higher in 2007 in comparison with 2006. The average R-TKW of the naked oat cultivars was 1.5 times higher than that of the covered cultivars, being higher by 35. 6% and 35.3% in 2006 and 2007, respectively (Table 3 ). The average R-TKW of the naked oat cultivars was higher by 31.8% in 2007 than in 2006, and in the covered oat cultivars this difference was 13.8%. Among the tested set, high R-TKW was determined for Ábel, Detvan and Izák cultivars. Among the naked cultivars, Avenuda had the lowest R-TKW. Among covered oat cultivars, high R-TKW was discovered in Flämingsstern and low R-TKW in Euro, Ardo, Zlaťák and Kanton (Table 3) . Significantly different reaction of cultivars to artificial infection during the experiment could be seen in the naked oat cultivars (Ábel, Detvan) and in some covered oat cultivars (Ardo, Euro and Zlaťák) (Table 3) . Similarly, ANOVA of R-PKW confirmed statistically significant differences between years and between cultivars ( Table 2 ). The total average R-PKW was 12.1% higher in 2007 than in 2006 (Table 3) . Cultivars of naked oats had 31% higher R-PKW than the cultivars of dehulled covered oats. In 2006, it was higher by 24.8% and in 2007 by 36.3%. R-PKW in naked oat cultivars was 17.9% higher and in covered cultivars 
3.9% higher in 2007 than in 2006. High R-PKW was revealed in Ábel and Detvan and low R-PKW in Euro.
Among the naked oat cultivars, the lowest R-PKW was in Avenuda and the highest in Ábel. Of the covered oat cultivars, Euro had low R-PKW and Zvolen high R-PKW (Table 3 ). The cultivars Ábel and Detvan (naked oats), Zvolen and Aurone (covered oats) had different reactions regarding R-PKW in the years 2006 and 2007 (Table 3 ). The total kernel contamination with DON in the tested cultivars was double in 2006 what it was in 2007. Higher toxin levels in kernels were accumulated by the naked oat cultivars than by dehulled covered oat cultivars (Table 3) . DON accumulation in kernels of naked oat cultivars was higher by 28.9% and 110.9% in 2006 and 2007, respectively, than in kernels of dehulled covered oats. More DON toxin was accumulated by both the naked and covered oat cultivars in 2006 than in 2007 (Table 3 ). The average range of DON accumulation (7.40 mg/kg -22.80 mg/kg) was higher in naked oat cultivars than in dehulled covered oat cultivars (3.45 mg/kg -19.05 mg/kg). High DON accumulation in kernels of naked oats was observed in Izák and low accumulation in Ábel. From the dehulled covered cultivars, high DON accumulation was seen in Kanton and Ardo, and it was low in kernels of Zlaťák, Euro and Auron (Table 3) .
High DON accumulation was found in hulls from the covered oats (Fig. 1) . In 2007, the average DON contamination of hulls (50.2 mg/kg) was 9 times higher than the average contamination of kernels from covered cultivars after dehulling and 4.3 times higher than that of kernels from naked cultivars (Table 3) . Difference between average genotype and average for tested genotypes (total mean) significant at level P = 0.05 + or P = 0.01 ++ ; (1) -reduction of thousand kernel weight (in arcsine); (2) -reduction of panicle kernel weight (in arcsine).
Discussion
Bjørnstad & Skinnes (2008) reported that FHB was often difficult to assess in oats. The kernels from infected panicles, which had been dehulled by hand, appeared to be smaller than usual, dwarf, wrinkled, lessdeveloped and discoloured, and they exhibited symptoms associated with reduction in yield components. This type of kernels was recorded after artificial infection of oats with F. crookwellense isolate (Mielniczuk et al. 2004 ). According to the results obtained by analyzing kernels from infected panicles, artificial infection affected yield components and caused a 35.9% average reduction in TKW. Similar yield reductions were observed after artificial infection of oat cultivars with F. avenaceum in Poland , and a lower reduction than in our experiment (23%) was found also after artificial infection with F. crookwellense (Mielniczuk et al. 2004) . From the host side, fluctuation in reactions might be attributed to the degree of stability of the resistance character within the lines in response to a different environment. FHB's development and its assessment are readily changed by the environment (Mesterházy 1995; Parry et al. 1995) . Statistical analysis showed differences in yield components not only between cultivars but also between years. The differences in R-TKW, as well as in R-PKW, between years were probably influenced by different conditions for FHB's development. In June 2006 (the artificial inoculation period's 2nd decade), the weather was dry.
In June Parry et al. 1995 ) during the time between heading and maturity. The association and influences of these climatic factors on FHB have been well documented (Brennan et al. 2005) . Other factors that may enhance the genotype-by-year interaction are variation in the precision of inoculation timing and inconsistency of the isolates' aggressiveness. Unstable aggressiveness of isolates between years has been reported (Mesterházy 1995) . Factors influencing the reduction in yield components in oats after artificial infection with Fusarium spp. are less investigated than in other cereals, such as wheat . A comparison of yield components in naked oat cultivars with dehulled covered oat cultivars from experiments involving artificial infection with the fungus F. culmorum has not yet been published. As measured by the percentages of Fusarium-infected seeds, it can be concluded that early cultivars of covered oats and naked cultivars are less susceptible to FHB (Gavrilova 2008; Bjørnstad & Skinnes 2008) . Low reductions in yield components of covered oats in comparison with naked oats in our experiments obviously relate to findings that the hull plays an important role in protecting the grain against penetration of Fusarium infection (Gavrilova et al. 2008) .
Oat cultivars accumulated more DON in 2006 than in 2007, but the tendency of DON accumulation in individual cultivars in both years was similar, as confirmed by positive correlation between years and DON content (r = 0.59). Cultivars differed in DON accumulation, and results documented that higher DON content was not always associated with reduction in yield characters. Close correlation was observed between DON content in kernels and R-TKW (r = 0.62). Correlation between R-PKW and DON content was not statistically significant, although it was positive in 2006. In 2007, close correlation was found only between DON content and R-PKW (r = 0.64). Some data indicate a low correlation between the reduction in yield components and the accumulation of mycotoxins in kernels (presented in Kiecana et al. 2002) , whereas other authors have demonstrated significant correlation between DON content and yield components in wheat and barley (Ittu et al. 2000; Mesterházy et al. 2008) .
In our experiment, covered oat cultivars accumulated less DON in dehulled kernels than the naked oat cultivars. High DON accumulation was found in the hulls of covered oat cultivars. These results show the advantage of the kernel's having a coat layer when infected with F. culmorum. A high reduction in Fusarium mycotoxins of 90-95% at the dehulling stage of oats was found by Scudamore et al. (2007) . Analyses of microbiological and mycotoxicological quality parameters of naked and covered oats have shown that dehulling will bring about a drastic reduction in the contamination of oat kernels by microorganisms and mycotoxins (Adler et al. 2003) . Quite different results have been obtained if mycotoxin content was determined in covered oats without removing hulls from the kernels. Perkowski and Basiński (2008) reported that in kernels of naked cultivars the mean total toxin concentration was significantly lower than in covered cultivars. Despite the advantage of covered oats, among the naked oat cultivars, Ábel accumulated a low amount of DON that is comparable to the low DON accumulation in the covered cultivars Viktor and Zvolen. Some genotypes accumulated a low amount of DON even when the reduction in yield characters was relatively high. This can suggest that the cultivars may partly decompose the toxin. This opinion that the host may decompose toxins was presented in the work of Elen et al. (2003) . Despite lower DON accumulation in covered oat cultivars after dehulling, the DON content in the cultivars Kanton and Ardo was higher than the mean DON content in naked oat cultivars.
Our results revealed different reactions of oat cultivars to F. culmorum Sacc. It was documented that the cultivars of covered oats after dehulling were less contaminated with Fusarium mycotoxin than the naked oat cultivars. Despite dehulling, some cultivars of covered oats accumulated more mycotoxin than the naked oat cultivars. The results obtained point to the need for additional experiments in relation to oat genotypes' reactions to FHB and the accumulation of the DON mycotoxin in their kernels.
